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ABSTRACT
The leading tensions to the collisionless cold dark matter (CDM) paradigm are the “small-
scale controversies”, discrepancies between observations at the dwarf-galactic scale and their
simulational counterparts. In this work we consider methods to infer 3D morphological
information on Local Group dwarf spheroidals, and test the fitness of CDM+hydrodynamics
simulations to the observed galaxy shapes. We find that the subpopulation of dwarf galaxies
with mass-to-light ratio & 100M/L reflects an oblate morphology. This is discrepant with
the dwarf galaxies with mass-to-light ratio . 100M/L, which reflect prolate morphologies,
and more importantly with simulations of CDM-sourced galaxies which are explicitly prolate.
Although more simulations and data are called for, if evidence of oblate pressure-supported
stellar distributions persists, we argue that an underlying oblate non-CDM dark matter halo
may be required, and present this as motivation for future studies.
1. INTRODUCTION
The minimal cold dark matter (CDM) paradigm, which takes dark matter (DM) to be cold
and collisionless, has been quite successful, particularly at high redshift and large scales [1].
However, its particle nature is still very much unknown, and a wide variety of direct and
indirect detection experiments are actively searching for evidence of any nongravitational
coupling to the visible sector [2, 3, 4, 5, 6, 7]. As it stands, the parameter space remains
open for many models of interacting dark matter [8, 9, 10, 11, 12, 13, 14]. Correspondingly,
many new ways of testing for the properties of dark matter have yet to be explored.
At small astrophysical scales in particular, dwarf galaxies have significant promise as an
arena for investigating DM interactions. They are strongly DM-dominated systems offering
both a uniquely clean testing ground of the halo gravitational potential and a probe of
the smallest scales of the matter power spectrum. Despite having low luminosities, many
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candidates have been observed due to their relative proximity. In fact, the current leading
potential challenges to CDM come from discrepancies between simulations and observations
at the galactic and dwarf-galactic scale. Specifically, the “core-cusp” [15, 16, 17], “missing
satellite” [18, 19], and “too big to fail” [20, 21] problems have prompted speculation that
observed dwarf galaxies are less numerous, less massive, and less centrally dense than their
CDM simulation counterparts.
Ultimately the goal is to see how well the CDM paradigm fits with the observed data as we
understand it. While it is unclear that new physics is necessary to resolve such discrepancies
[22, 23, 24, 25], these tensions have motivated a lively collection of self-interacting dark matter
models [12, 26, 27, 28, 29, 30], that propose as a solution non-minimal dark sectors which
couple to the visible sector only via gravity. These models would therefore be inaccessible to
direct and indirect detection but would induce modifications to structure formation at small
scales.
Detailed efforts have been invested in characterizing the stellar populations and kinematic
parameters of the classical dwarf galaxies, in the service of understanding the surrounding
halo structure [31, 32, 33, 34, 35, 36, 37, 38, 39, 40]. But although there has been a good deal
of attention directed towards probing different mass profiles, relatively little exploration has
been dedicated to studying dwarf galaxy shapes. In part this omission is due to the reality
that we observe only 2-D projections, and full morphological information is elusive without
precise 3-D spatial and kinematic data for individual stars.
In this paper, we consider the morphologies of dwarf spheroidals (dsphs) in and around
the Local Group (LG). In particular, we investigate their ellipticities and associated 3-D
shapes, and whether they might be prolate or oblate. We then test the ability of CDM-
sourced dwarf galaxies, as represented by hydro-intensive simulations, to fit the observed
morphologies. Dsphs were chosen in particular since they are the most common and are
typically found to have very little gas, such that when in equilibrium their stellar distributions
are determined entirely by the underlying gravitational potential. As simulations of CDM
have produced prolate halos [41, 42], and dsphs have been found to be relatively isotropic
in velocity dispersion and not rotationally supported [39, 33, 43, 44], we expect the stellar
distributions of dsphs sourced from CDM haloes should be likewise prolate. In this paper we
consider methods to infer the 3-D baryonic distributions of observed dwarf spheroidals in the
local group, catalogued in Refs. [42, 45], to test this hypothesis. In particular, we compare
these results to the shapes of galaxies from a suite of 14 CDM-sourced dwarf galaxies with
star formation from the Feedback In Realistic Environments (FIRE) project [46, 47].
We find that there is currently a discrepancy between the morphologies of LG dwarf galax-
ies with mass-to-light ratio > 100M/L and those of the FIRE dwarf galaxies, and this
subpopulation of LG dwarf galaxies is consistent with a more oblate morphology not re-
flected in simulations. We present this as a template and motivation for more statistically
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robust future studies. A mismatch between the CDM picture and the physical observations
can point to a deficiency in our understanding of either the observed or simulational data,
or it might challenge the CDM paradigm and motivate models that produce galaxies with a
different morphology.
In section 2 we describe our geometric assumptions on dsphs stellar profiles, and our meth-
ods for inferring their 3-D distributions. We propose using correlations between ellipticity
and surface brightness, as well as ellipticity and line-of-sight velocity dispersion, as a measure
for the oblateness or prolateness of observed dwarf galaxies. Similar relations have been con-
sidered in the context of larger galaxies in Refs. [48, 49], though the comparative richness of
internal structure in that regime makes this relationship more subtle. In section 3 we present
the observational and simulational data used in our analysis. In sections 4 and 5 we summa-
rize results from projecting simulations and deprojecting observations respectively. We find
that the population of observed LG dwarf galaxies with mass-to-light ratio > 100M/L
(“dim” dwarfs) are correlated in observed ellipticity and surface brightness (velocity disper-
sion), consistent with oblateness, and those with mass to light ratio < 100M/L (“bright”
dwarfs) exhibit anti-correlation consistent with prolate morphologies. Projecting simulated
galaxies over a distribution of observing angles gives anti-correlation consistent with the
bright dsphs and significantly discrepant with the dim subpopulation. In section 6 we test
the robustness of our results by subsampling both the observed and simulated data, vary-
ing the choice of mass-to-light threshold, and relaxing assumptions on observation angle
distributions. We show that this discrepancy holds under these tests. In section 7 we in-
vestigate implications for DM and baryon distribution axis ratios, and consider the specific
case of dissipative dark matter. Section 8 explores avenues of future work and presents our
conclusions.
2. GEOMETRIC REMARKS
For the present, observational data of dwarf galaxies is constrained to on-sky-projected
positional and line-of-sight velocity information for its individual stars. Unfortunately the
remaining line-of-sight spatial and on-sky proper motion data remain out of reach at the
typical distances of dwarf satellites, which is of order 30 kpc in the closest cases. The recent
Gaia DR2 [50] provides extremely precise astrometric measurements of parallax and proper
motion up to uncertainties of 0.04 mas and 0.06 mas/yr respectively for the brightest stars.
At dwarf-galactic distances however, this translates to line of sight distance resolved up to
∼ 20 kpc and on-sky velocities up to ∼ 15 km/s in the maximally optimistic cases. As
these dwarfs are typically of half-light radius ∼ 0.1 kpc with line-of-sight velocity dispersion
∼ 5 km/s, the current best measurements are far from able to resolve the full spatial and
kinematics directly. Thus we will focus on what one can hope to infer from the correlation
between currently accessible observables and geometry.
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As is done in Refs. [17, 32, 34] , we will model the stellar distribution with a Plummer
profile [51], and assume that mass follows light. Similar results may be obtained for King or
Exponential profiles [52]. We include a triaxiality (a ≥ b ≥ c) with ellipsoidal isophotes
ρ∗ = ρ0(1 +
x2
a2
+
y2
b2
+
z2
c2
)−5/2
We fix the observer to be at some angle
zˆ′ ≡ sin θ cosφxˆ+ sin θ sinφyˆ + cos θzˆ
The observer then defines a right-handed coordinate system (x′, y′, z′) where x′ and y′
parametrize the plane of projection with a remaining rotational degree of freedomx′y′
z′
 =
cosω − sinω 0sinω cosω 0
0 0 1

 sinφ − cosφ 0cos θ cosφ cos θ sinφ − sin θ
sin θ cosφ sin θ sinφ cos θ

xy
z

To obtain the surface brightness profile S∗(x, y), we can then rewrite the density profile in
the new coordinates and integrate along the line of sight. We choose ω such that x′ and y′
align with the semi-major and semi-minor axis of the projected ellipse. the surface brightness
is then given by
S∗(x,′ y′) =
∫
dz′ρ∗ =
4
3
ρ0
abc√
αβ − γ2
×
1 + x′2(
1
2
(α + β)− 1
2
√
4γ2 + (α− β)2
) + y′2(
1
2
(α + β) + 1
2
√
4γ2 + (α− β)2
)
−2
where α, β, γ are parameters dependent on the principal axes and observer angles, expressed
as 
α = a2 cos2 θ cos2 φ+ b2 cos2 θ sin2 φ+ c2 sin2 θ
β = a2 sin2 φ+ b2 cos2 φ
γ = (a2 − b2) cos θ sinφ cosφ
Thus we can write down projected observables (ellipticity  and central surface brightness
Σ∗ = S∗(0, 0)) explicity in terms of observer angle and intrinsic parameters (principle axis
ratios b
a
, c
a
and central density ρ0)
 = 1−
√
1− 2
√
4γ2+(α−β)2
α+β+
√
4γ2+(α−β)2
Σ∗ = 43ρ0
abc√
αβ−γ2
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Figure 1 shows contour maps of projected ellipticity in (φ, θ) space for an oblate (b/a =
1, c/a = 0.4), prolate (b/a = c/a = 0.4), and triaxial (b/a = 0.7, c/a = 0.4), object respec-
tively, for reference.
(a) oblate (b/a = 1, c/a = 0.4) (b) prolate (b/a = c/a = 0.4) (c) triaxial (b/a = 0.7, c/a = 0.4)
Figure 1. Contour map of projected ellipticity in (φ, θ) space for various ellipsoids. Note that
equal area in (φ, θ) space does not imply equal area on the sphere– in particular the top and bottom
lines of these plots are contracted to a point
In fact, in the special cases of oblate (a = b > c) and prolate(a > b = c) bodies, these
relations reduce to the more simplified forms
obl = 1−
√
cos2 θ + c
2
a2
sin2 θ
Σobl∗ =
4
3
ρ0c/
(
1− obl)
pro = 1− 1√
a2
b2
(sin2 φ+ cos2 θ cos2 φ) + (sin2 θ cos2 φ)
Σpro∗ =
4
3
ρ0a (1− pro)
In particular, we observe that the surface brightness of a prolate galaxy is anti-correlated
with its projected ellipticity, while the opposite is true of oblate galaxies. This is understood
intuitively as observing a lower-ellipticity projection of a prolate galaxy implies that the
observer is “looking through” the long axis, while observing the same for an oblate galaxy
implies that the short axis lies on the line-of-sight. This is illustrated in Fig. 2, and looking
for correlations and anti-correlations between surface brightness and ellipticity in LG dwarf
satellites will allow us to distinguish between oblate and prolate morphologies.
In addition to the surface brightness we will also consider the line-of-sight velocity dis-
persion σ∗ and its correlation with projected ellipticity. For this work we will assume that
the velocity dispersion tensor σ2ij is diagonal along the principal axes of the galaxy and has
negligible spatial dependence within the half-light radius, and we will also assume that the
velocity dispersion along a larger principal axis is systematically larger. The latter assump-
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Figure 2. Surface density contours for different projections of a toy prolate galaxy with b/a =
c/a = 0.4 (top) and a toy oblate galaxy b/a = 1, c/a = 0.4 (bottom). As shown, a lower observed
ellipticity is correlated with a higher surface brightness for prolate galaxies, and the opposite is
true for oblate galaxies.
tion is also reflected in the dwarf galaxy simulations we consider (see Section 3), whose
full kinematic and spatial data is accessible. Previous studies bounding velocity dispersion
anisotropies in classical dwarf galaxies [39, 53, 31, 54] have assumed that the velocity dis-
persions are the same in all radial directions. As we are explicitly looking for violations of
this assumption, these bounds do not apply here.
Thus, given the observing angle (φ, θ), the line-of-sight velocity dispersion is given simply
by
σ2∗ = sin
2 θ cos2 φ σ2a + sin
2 θ sin2 φ σ2b + cos
2 θ σ2c
Where σa,b,c are the velocity dispersions along each of the principal axes. In this way,
we expect a similar type of (anti-) correlation between observed ellipticity and measured
velocity dispersion for oblate (prolate) dwarf galaxies: a prolate dwarf projected to have small
ellipticity has its semi-major axis along the line-of-sight and will measure a correspondingly
large velocity dispersion; the opposite is true for an oblate dwarf.
Naturally, the true relationship between morphology and these correlations is less clean-
cut. Firstly, these galaxies do not have perfect axial symmetry, and these correlations will
degrade with significant triaxiality. Secondly, we are observing one projection each of many
different galaxies–each with intrinsically different axis ratios and luminosity–instead of many
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projections of a single galaxy. And thirdly, we have access only to finitely many galaxies at
this scale.
The third point is unfortunately a limitation of nature. To address the first and second
point, however, we use simulated galaxy data as a measure for the expected amount of tri-
axiality and intrinsic dispersion between galaxies in size and brightness. Using the relation
between intrinsic ( b
a
, c
a
) and projected () geometry, we can begin to make morphology com-
parisons between simulated galaxies and observed ones, if a distribution of observing angles
is assumed. This can be done in one of two ways: projecting down the simulated galaxies
to the plane of observation or deprojecting up the observed galaxies into a distribution of
probable axis ratios (b/a, c/a).
In the absence of more informative priors, we will assume a distribution of observing angles
uniformly sampled in (φ, cos θ) space:
φ = 2piu θ = cos−1(2v − 1)
for variables u, v uniformly distributed on [0, 1]. In practice, since many of these dwarfs
are satellites of Andromeda or the Milky Way, they experience tidal locking and the angle
of observation is in fact not uniformly random. We investigate the effects of relaxing this
assumption in section 6.
3. OVERVIEW OF OBSERVATIONAL AND SIMULATIONAL DATA
r
In this section we give a brief description of both the observational and simulational data
used in this paper. Further details can be found in Refs. [42, 46, 47, 55, 45].
We are using the observational data compiled by McConnachie [42] as well as updated
parameters from the MegaCam survey in Ref. [45] as a measure of dwarf galaxy properties.
Of these catalogs, we take only the dwarfs that have been classified as spheroidal galaxies
and for which a velocity dispersion has been resolved. We also remove galaxies with strong
evidence of irregular structure and tidal stripping [45, 56, 57, 58] as we are considering dwarfs
which can be well-modeled with ellipsoidals. This amounts to 17 satellites of the Milky Way,
6 satellites of Andromeda, and 2 isolated dwarfs in the Local Group. Ref. [55] in particular
reports structural parameters for fits to exponential, Plummer, King, and Sersic models.
Though these parameters are not especially sensitive to the choice of profile, for consistency
we will use the Plummer ellipticities and half-light radii in this work. These dwarfs span from
30 - 900 kpc in heliocentric distance, from 103− 107M in stellar masses, from 106− 108M
in dynamical masses, and reflect a variety of formation histories.
We note that several new ultra-faint candidates have been discovered from the Dark Energy
Survey [59, 60, 61, 62, 63]; however, most have not yet been classified as dwarf spheroidals,
and only a limited amount have had spectral observations that successfully resolved a velocity
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dispersion (see e.g. Refs. [64, 65, 66] for observational results). Furthermore, these ultra-
faint dwarfs have stellar masses as low as ∼ 100M, and may not be well represented
by the simulations at hand. Therefore we will limit our analysis to the well-observed and
comparatively massive dwarfs listed in Refs. [42, 55] and note that it may be easily extended
to new dsphs when higher resolution data and simulations become available.
To inform properties of dwarf galaxies explicitly sourced by CDM, we use the Feedback
in Realistic Environments (FIRE) suite of cosmological simulations [46]. This set of hydro-
intensive simulations contains 15 isolated dark matter halos, 14 of which exhibit star for-
mation. The halo masses are set to be of order 1010M at z = 0, and the stellar masses
correspond roughly to the range of observed classical dwarf galaxies, 105 − 107M. The
baryonic particle mass is set at 500M and the dark matter particle mass is set at 2500M.
Fig. 3 shows the relationship between stellar mass M∗, dynamical mass Mdyn, and half-light
radius r1/2 for both the simulated and observed dwarf galaxies. As shown, FIRE galaxies
appear in good agreement with moderately massive dwarf satellites, but we observe real
galaxies at far lower masses, where the simulations are resolution-limited. As resolution for
hydrodynamic intensive simulations improves, the expectations for properties of low-mass
CDM dwarfs will be better characterized.
Fig. 4 shows the distribution of stellar axis ratios of these simulated dwarfs, evaluated
at half-light radius (left), and investigates the correlation between a galaxy’s principal axis
length and the magnitude of velocity dispersion measured along that axis (right). We find
that the FIRE galaxies are indeed prolate in stellar distribution, and that the velocity dis-
persion measured along the semi-major axis is correspondingly larger than that measured
along the semi-minor axis, and these set our expectations for dwarf spheroidal morphology
under the CDM hypothesis.
4. UP-PROJECTION OF OBSERVATION DATA
Here we summarize results from deprojecting observed LG galaxies into a distribution of
axis ratios (b/a, c/a) using the formalism from the previous section. We assume a uniform
distribution of projection angles and separate the LG dwarfs fiducially into bright (M/L <
100M/L) and dim (M/L > 100M/L) samples. The division into subpopulations is
motivated in section 5. For each observed dwarf we use only the observed ellipticity obs.
The Bayesian likelihood of an underlying axis ratio (b/a, c/a) given obs is
P
(
b
a
,
c
a
| obs
)
=
P (obs| ba , ca)P ( ba , ca)
P (obs)
To penalize against unphysical and extreme axis ratios, we adjust the prior P ( b
a
, c
a
) to be
proportional to the probability that this set of axis ratios projects into an ellipticity within
the range of ellipticities that have been observed.
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(a) Relationship between stellar mass M∗ and dy-
namical mass Mdyn enclosed in half-light radius
for simulated and observed LG dwarf galaxies
(b) Relationship between stellar mass M∗ and
half-light radius r1/2 for simulated and observed
LG dwarf galaxies
Figure 3. Some structural properties of observed and simulation galaxies: the distributions of M∗
in relation to Mdyn within half-light radius and the half-light radius r1/2 itself. The FIRE simula-
tions provide a good representation of moderately massive dwarf galaxies, as they are resolution-
limited in the low-mass regime.
(a) Distribution of stellar axis ratios b/a, c/a eval-
uated at half-light. As shown, the FIRE galaxies
are largely prolate in stellar distribution
(b) The half-light radius and velocity disper-
sion measured along the semi-major (square) and
semi-minor (circle) axes for each dwarf galaxy.
Figure 4. Morphological properties of FIRE dwarf galaxies. As discussed in Section 2, if these
galaxies were observed along random axes one expects anti-correlation between projected ellipticity
and surface brightness (velocity dispersion).
P
(
b
a
,
c
a
)
=
1
N
P (proj ∈ [obs,min, obs,max|) = 1
4piN
∫
dΩ Θ(proj− obs,min)Θ(obs,max− proj)
where proj is a function of b/a, c/a, θ, φ given in the previous section, Θ denotes the Heav-
iside function, and N is a constant for normalization. Here, we are sampling uniformly in
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dΩ = dφ d cos θ, but this can be easily adapted when the orientations of these galaxies
relative to us are better known.
Fig. 5 then gives the distribution of deprojected axis ratios of bright, dim, and the full-set
of LG dwarfs as compared to the axis ratios of FIRE dwarf simulations. As shown, while
the dim LG dwarfs appear to prefer slightly more elliptical and slightly more oblate axis
ratios as compared to the bright sample, there is no significant inconsistency with the axis
ratios from the FIRE galaxies. This shows that ellipticity alone shows no significant tension
between LG and simulated dwarf galaxies. In the next sections we will study the fitness of
CDM with observations when other observables are considered in tandem.
(a) Distribution of b/a and c/a
for bright LG galaxies
(b) Distribution of b/a and c/a
for dim LG galaxies
(c) Distribution of b/a and c/a for
the full set of LG galaxies
Figure 5. Distribution of b/a and c/a of LG galaxies assuming uniform observing angles, compared
to the FIRE simulated galaxies. The hatched region is forbidden by definition b > c; the diagonal
b = c corresponds to pure prolate shapes and the top edge b/a = 1 corresponds to pure oblate
shapes. The FIRE galaxies exhibit generally prolate axis ratios.
5. DOWN-PROJECTION OF SIMULATION DATA
In this section we summarize results of comparing CDM+Hydro simulation galaxies with
observed dwarf spheroidals in the local group by projecting down the 3D simulated galaxies
via a distribution of projection angles.
In this work we focus on two specific points of comparison: the correlation of ellipticity
 with surface brightness Σ∗, and that of ellipticity  with velocity dispersion σ∗. The
correlation coefficients are defined as
rΣ∗ =
∑
i(i − ¯)(Σ∗,i − Σ¯∗)√∑
i(i − ¯)2
∑
i(Σ∗,i − Σ¯∗)2
rσ∗ =
∑
i(i − ¯)(σ∗,i − σ¯∗)√∑
i(i − ¯)2
∑
i(σ∗,i − σ¯∗)2
where overlines denote arithmetic average. As explained in Section 2, these correlations
should serve as useful proxies for the oblateness or prolateness of the galaxy’s morphology.
Fig 6 shows the correlation of ellipticity and surface brightness (left) and velocity disper-
sion (right) of LG observed galaxies. We note that for both observables there appears to
be a separation between the correlation trends of brighter and dimmer galaxies – that is,
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brighter galaxies appear to be negatively correlated in both, and the opposite is seen in dim-
mer galaxies. We split these two populations roughly into those with M/L < 100M/L
(“bright”) and those with M/L > 100M/L (“dim”). Specifically,
rdimΣ∗ = 0.778± 0.309 rdimσ∗ = 0.618± 0.323
rbrightΣ∗ = −0.353± 0.059 rbrightσ∗ = −0.183± 0.098
rallΣ∗ = −0.287± 0.058 rallσ∗ = −0.105± 0.097
(1)
(a) Correlation of ellipticity  = 1 − b/a with sur-
face brightness Σ∗
(b) Correlation of ellipticity  = 1 − b/a with ve-
locity dispersion σ∗
Figure 6. Correlation of ellipticity and surface brightness (left) and velocity dispersion (right) of
LG observed galaxies. Bright galaxies (fiducially M/L < 100M/L) exhibit a generally negative
correlation while dim galaxies ( M/L > 100M/L) exhibit a generally positive one.
On the simulation side, we project each of 14 FIRE dwarf galaxies along a random ori-
entation and compute the  − Σ∗ and  − σ∗ correlation coefficients of the entire suite of
galaxies. This process is repeated with uniformly random projection angles 105 times, and
distributions of rΣ∗ and rσ∗ are constructed. These two correlation coefficients then serve
as a test for morphological consistency between simulated and observed galaxies. We obtain
for the FIRE galaxies, assuming a uniform distribution of observation angles,
rFIREΣ∗ = −0.258± 0.222 rFIREσ∗ = −0.405± 0.220 (2)
which is marginally consistent with 0 in  − Σ∗ but with negative expectation in both,
reflecting the overall prolate nature of simulated ΛCDM galaxies.
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(a) Distribution of rΣ∗ for FIRE dwarfs (b) Distribution of rσ∗ for FIRE dwarfs
Figure 7. Distribution of correlation between ellipticity and surface brightness (left) and velocity
dispersion (right) of uniformly projected FIRE galaxies. The measured correlations of bright, dim,
and the full sample of LG dsphs are also shown. The shaded regions are 1σ limits. As shown, the
population of galaxies withM/L > 100M/L is highly inconsistent with the simulated population.
Fig 7 shows the distributions of rΣ∗ and rσ∗ of randomly projected FIRE galaxies. The
measured correlations of bright, dim, and the full set of LG dwarfs are also shown. Fig 8
shows where these correlations lie in rΣ∗−rσ∗ space. We note also that the FIRE simulations
contain both bright and dim galaxies, with M/L from ∼ 17 to ∼ 900, and the anti-
correlation is found consistently across this range. As shown, the dim galaxies lie & 3σ
away from the simulated galaxy expectation in both rΣ∗ and rσ∗ , and furthermore lie
& 4σ away from simulated galaxies in rΣ∗ − rσ∗ space. It is interesting to note that the
disparity is much larger in ellipticity-surface brightness correlation than in ellipticity-velocity
dispersion correlation, which is consistent with the observed and simulational understanding
of dwarf spheroidals being isothermal to first order [43, 44]. In this case, with the absence
of rotational support, velocity-dispersion anisotropies may be attributed to anisotropies of
the gravitational potential.
6. STATISTICAL TESTS
Thus far, we have presented evidence that the dim population of observed dsphs exhibit
correlation between ellipticity and surface-brightness (velocity dispersion) consistent with
an oblate morphology, and both the bright population and FIRE simulations exhibit anti-
correlation consistent with a prolate one. This is our main result. However, due to the
limited size of both available simulational and observational dwarf galaxies, it is important
to evaluate the rigor of this statement with care. In particular, since the number of dim
galaxies with M/L > 100M/L is small (eight in total), on the outset it is unclear that the
positive correlation between ellipticity and surface brightness (velocity dispersion) is not an
accident.
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Figure 8. Similar to Fig. 7 as a 2D-contour plot.
The measurement uncertainties of the observables and resolution limitations of the simu-
lations will be improved upon by future efforts, but in this section we address three addi-
tional sources of uncertainty: the statistical uncertainty that the finite sample of simulations
and observations are good estimators for the underlying distributions, the placement of the
bright/dim population divisor, and the unknown true distribution of projection angles.
6.1. Subsampling
We investigate first whether the positive correlation seen in the dim dsphs can be obtained
by chance via random sampling of the bright subpopulation or the full set of LG galaxies.
Fig. 9 shows the distributions of correlation coefficients rσ∗ and rΣ∗ upon repeated subsam-
pling of eight random galaxies within the full LG population (red) and the subpopulation of
bright galaxies (orange). Fig 10 shows the corresponding 2D-distributions. We show that a
random subsampling of currently observed LG dsphs cannot recover the correlation between
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ellipticity and surface brightness (velocity dispersion) that is seen in the dim subpopulation
at the ∼ 2σ level.
(a) Distribution of rΣ∗ for subsampled full set
and bright LG dwarfs
(b) Distribution of rσ∗ for subsampled full set
and bright LG dwarfs
Figure 9. Distribution of correlation between ellipticity and surface brightness (left) and velocity
dispersion (right) of a random subsample of 8 LG observed galaxies and LG Bright galaxies (fidu-
cially M/L < 100M/L). The 1σ limits are shown as shaded regions. As shown, the positive
correlation depicted by dim galaxies ( M/L > 100M/L) is not obtainable by random subsam-
pling of the full LG population.
We study also the broadening of the correlation coefficient distribution for FIRE galaxies
via subsampling eight random galaxies and randomly projecting each one. As shown in
Figs. 11 and 12, the distributions widen significantly upon taking a subsample of roughly
half the full size, as expected. However, the dim LG galaxies still retain a > 3σ tension.
Thus it appears that neither the discrepancy between dim LG dsphs and the simulation
dwarfs nor the discrepancy between dim LG dsphs and their brighter counterparts may be
satisfactorily explained by subsampling – it is extremely unlikely that a random choice of
eight galaxies from either the data or simulations could have produced the very positive
correlations exhibited by the eight dim galaxies. It is more likely that this subpopulation is
genuinely morphologically distinct.
6.2. Choice of Bright-Dim Threshold
In Fig. 13 we investigate the sensitivity of our results to the placement of this bright-dim
division point. We find that a cut at O(100)M/L is necessary to observe a difference
in correlation of ellipticity-velocity dispersion, but correlation between ellipticity-surface
brightness and the separation between bright and dim populations is not very sensitive
to the precise choice of division point. We also observe that the correlation at the high
mass-to-light, or dim, end of the sample is quite stable for both sets of observables.
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Figure 10. Similar to Fig. 9 as a 2D-contour plot.
The position of the bright-dim threshold also controls the number of galaxies in each
population, and for a sparser population a stronger correlation or anti-correlation must be
observed for the result to be significant. The expected distribution of correlation coeffi-
cients measured from taking N samples from a underlying distribution that is intrinsically
uncorrelated is given by
p(r) =
(1− r2)N−42
B(1
2
, N−2
2
)
where B(x, y) is the Beta function. In Fig 13 we show also the region in correlation
space for both bright and dim populations that is consistent with an underlying r = 0 at
1σ for each choice of bright-dim threshold. As shown, the separation between dim and
bright subpopulations of LG dwarfs, and between both populations and the expected range
consisted with no correlations, is most enhanced for a cut at 70−200M/L. However, this
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(a) Distribution of rΣ∗ for subsampled FIRE
galaxies
(b) Distribution of rσ∗ for subsampled FIRE
galaxies
Figure 11. Distribution of correlation between ellipticity and surface brightness (left) and velocity
dispersion (right) of a random subsample of 8 FIRE simulated galaxies, compared with LG observed
galaxies and the distribution from the full FIRE galaxy set.. The 1σ limits are shown as shaded
regions. As shown, subsampling significantly widens the distribution of both coefficients and the
bright and full set of LG dwarfs become consistent with the FIRE subsample, but the dim LG
dwarfs do not.
separation is still marginal and future measurements of additional galaxies are necessary to
confirm the proposed separation between bright and dim dwarf galaxies.
6.3. Distribution angles
In this section we investigate the effect of relaxing the assumption of uniform observation
angle distributions. In practice the distribution of observation angles is non-uniform, as
satellite galaxies experience tidal locking with their host and tidal disruption with each other.
Fig.14 shows the induced correlation coefficients upon viewing all FIRE galaxies at each angle
(φ, θ), to check if a single preferred viewing angle may induce the positive correlation seen in
the dim LG dsphs sample. As shown, the maximum amount of correlation in rΣ∗ obtainable
in this manner is ∼ 0.3 and the maximum obtainable in rσ∗ is ∼ 0.1, far below what is
needed to explain the & 0.7 correlation in the dim dsphs.
Relaxing further the assumption that all dwarf galaxies must draw from the same distri-
bution of observing angles, we take random projections of all FIRE galaxies as before and
record the projection angles of each if the resulting correlation coefficients rΣ∗ and rσ∗ are
both ≥ 0.5. As shown in Fig 8, this is a rare event that occurs roughly once every O(105)
projections. Fig.15 shows the distribution of angles in (φ, θ) space for each galaxy that al-
lowed the collection to have a significant positive correlation. The more structure seen in
each of these angle distributions, the more finely-tuned each galaxy’s viewing angle must be
to account for the correlation seen in the dim LG dsphs, and as shown for several galaxies
the allowed region of projection angles is quite restrictive. Thus, as shown, it is unlikely
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Figure 12. Similar to Fig. 11 as a 2D-contour plot.
that discrepancy between LG and FIRE galaxies can be explained by a non-uniformity of
observing angles.
7. IMPLICATIONS FOR STELLAR AND DARK MATTER MORPHOLOGY
We have previously explained for measurements of many projections of a single galaxy, the
measured (anti)-correlation between ellipticity and surface brightness is determined by its
morphology. Here we show that the same is true for measurements of a single projection
of a collection of realistic distinct galaxies: we artificially introduce oblate morphologies by
shifing the axis ratios of FIRE galaxies by a constant amount, and study the resulting shift
in rΣ∗ expectation. We show that the artificially oblate galaxies agree better with the dim
LG dwarf population, and argue that these oblate stellar distributions may sourced by oblate
DM haloes.
Fig. 16 shows the resulting ellipticity-surface brightness correlation distributions of 105
random projections (left) for shifted axis ratios (right), with all other parameters held fixed.
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Figure 13. The ellipticity-surface brightness (left) and ellipticity velocity-dispersion (right) corre-
lation of bright (orange) and dim (blue) dwarf galaxies for various choices n as the division between
“bright” and “dim”. A choice of n at too low or too high a mass-to-light ratio is unideal since it
restricts the size of one of the populations. The shaded regions show the regions in correlation space
for both bright and dim populations that is consistent with an underlying r = 0 at the 68%CL for
each choice of bright-dim threshold. A cut at ∼ 100M/L is a good balance between obtaining a
sufficiently strong correlation in the dim sample and retaining enough galaxies for the correlation
to be meaningful.
Figure 14. Induced distribution of rΣ∗ and rσ∗ from observing all FIRE galaxies at angle (θ, φ)
As shown, a distribution of more oblate axis ratios (pink) will induce a more positive cor-
relation between ellipticity and surface brightness compared to the original morphologies
(purple). Additionally, by shifting the axis ratios to be more elliptical (blue) – i.e. with
smaller c/a– we obtain the strong positive correlation observed in the dim dwarf sample. In
contrast, increasing the ellipticities while keeping the galaxies prolate (orange) will push the
correlation-coefficient further into the negative regime.
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Figure 15. Distribution of observation angles (φ, θ) for each FIRE dwarf required to induce a
correlation coefficient rΣ∗ and rσ∗ both ≥ 0.5. As shown, the viewing angles of several galaxies
must be highly tuned for this to be possible.
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Figure 16. Ellipticity-Surface Brightness correlations for FIRE simulation galaxies with adjusted
b/a and all other parameters fixed. The modified axis ratios are shown on the right, and the induced
correlation coefficient distribution via uniformly random projection is shown on the left with the
same colors. The measured correlation for the dim dwarf sample is shown for reference. In both
the original morphology is shown in dark purple. We observe that more oblate shapes do induce
more positive correlation coefficients, even with an intrinsic dispersion in shapes and sizes.
As the population of dwarf spheroidals have been found to be generally isothermal and
not significantly rotationally supported [43, 44], if the stellar population is in hydrostatic
equilibrium then their morphology is set entirely by the gravitational potential. In this case,
the stellar distribution is set via the Jean’s perscription
∂i(ρ∗σ2ij) = −ρ∗∂jΦ
For the dim subpopulation where ρDM  ρ∗, it is valid to assume the potential is set
entirely by the dark matter density by the Poisson equation
∇2Φ = 4piGρDM
In fact, however, since these galaxies are the ones with the fewest baryons, it is likely that
these objects have experienced tidal disruptions and it is not at all clear that they have
reached a hydrostatic equilibrium. Nevertheless, since these dim dwarf galaxies are some
of the most dark matter dominated gravitational systems currently observable to us, it is
interesting to consider what this ellipticity correlation discrepancy may imply for the shapes
of these dark matter haloes.
Fig 17 shows the axis ratios of the DM and stellar distributions of FIRE simulation dwarf
galaxies. As shown, there does not appear to be a deterministic relationship between the
dark matter and baryonic distributions, suggesting that many of these simulations may not
have reached equilibrium, but both are prolate with axis ratios lying in a similar region of
parameter space. This seems to indicate that if generally oblate stellar morphologies are
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confirmed for a population of dwarf galaxies, a similarly oblate dark matter halo may be
necessary to source these distributions, and it is unclear that CDM haloes will be able to
supply them.
Figure 17. Axis ratios of DM and Baryon distributions of the FIRE simulation galaxies. Cor-
responding DM haloes and stellar distributions are linked with a black line. While there doesn’t
seem to be a clean relationship between these two sets of axis ratios, both appear to be prolate and
appear to lie within the same region of parameter space. A significantly more oblate population of
baryon axis ratios would therefore necessitate a distinct population of DM halo morphologies.
In contrast, alternative models of dark matter may source oblate haloes instead of pro-
late ones, and would predict oblate stellar distributions particularly in the low-stellar-mass
regime. One such model is the Double-Disk Dark Matter (DDDM) model proposed in Ref.
[26]. DDDM is a type of partially-interacting DM (PIDM) with a dominant cold component
and a small strongly self-interacting component. The interacting component contain dark
proton-like and electon-like particles which are allowed to exhibit dissipative dynamics and
collapse to an angular-momentum supported thin dark disk, much like the baryonic disks
of spiral galaxies. Embedded in a CDM halo of small asphericity, the resulting dark matter
halo will become oblate instead of prolate.
Recent constraints using Gaia data [67] show that a dark disk coplanar with the Milky
Way disk can account for at most ∼ 1% of the MW halo mass. However, this result assumes
an equilibrium distribution of stars, and it is not clear that this is true. In any case, dark
disks in dwarf galaxy halos are less constrained. To illustrate the effect of this type of DM,
we take the disk radius to be 10% the halo scale radius, and the disk thickness 1% of the
disk radius, and assume isotropic velocity dispersion. Fig.18 shows the baryonic profiles in
hydrostatic equilibrium along the z and R directions for the fraction of interacting DM ε
ranging from 0 to 5%. At the half-light radius, the addition of a 5% dark disk can induce
an axis ratio of b/a = 1, c/a = 0.7 on the baryonic distribution. In the case that these
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high mass-to-light dwarfs are indeed found to be oblate, this could provide motivation for a
dark disk or similar DM models that generate oblateness in the stellar distribution without
rotational support.
Figure 18. The stellar profiles along the z and R directions for ε ranging from 0 to 0.05, where
ε = 0.05 indicates that 5% of the halo mass is in a dark disk. Here a spherical CDM cored halo is
assumed, and ratios Rd/rs = 0.1, zd/Rd = 0.01 are taken for disk and halo scale lengths. Evaluated
at half-light radius, ε = 0.05 induces an ellipticity of ∼ 0.3 and an oblate morphology.
8. CONCLUSIONS
In this article we considered the correlations of observed ellipticity with velocity dispersion
as well as with surface brightness of dwarf galaxies in and around the local group in order
to infer their 3D morphologies and determine whether they are more likely to be oblate or
prolate. We find that dim LG dwarf galaxies (with M/L > 100M/L) exhibit correlations
of rdimΣ∗ = 0.778±0.209 and rdimσ∗ = 0.832±0.323, while bright LG dwarf galaxies (with M/L <
100M/L) exhibit anti-correlation, with r
bright
Σ∗ = −0.516 ± 0.066 and rbrightσ∗ = −0.153 ±
0.117. This is consistent with oblate and prolate morphologies respectively. Assuming a
uniform distribution of projection angles, we find that a set of 14 simulated galaxies from
the FIRE project exhibit likewise an anti-correlation rFIREΣ∗ = −0.258± 0.222 and rFIREσ∗ =
−0.295±0.22 consistent with generally prolate axis ratios. We find the discrepancy between
simulated and dim LG dwarf galaxies (and between bright and dim LG dwarf galaxies
themselves) cannot be explained by either subsampling the simulated or observed galaxies or
relaxing the assumption of uniform projection angles, and the result holds for a bright-dim
cut between 70− 200M. We propose that this discrepancy could be explained by the dim
LG dsphs exhibiting more oblate morphologies not currently captured by simulations, and
a possible avenue of generating this oblateness is non-minimal interacting dark matter. As
an example, we find that a 5% fraction of radiative dark matter could induce a measureable
change in ellipticity. Our results do not preclude non-morphology-related avenues which
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would result in a peak-like feature in both Σ∗ and σ∗ in LG dwarf galaxies, but regardless
of origin we do not recover a corresponding feature in the set of FIRE galaxies.
Given the current estimators the LG dwarf galaxies with M/L > 100M/L appear to
exhibit scaling expected for oblate bodies, and are morphologically distinct from both the
brighter LG dwarf population and CDM hydrodynamic simulations which exhibit prolate-
like behavior. Clearly, additional optical and spectral observations of particularly faint dwarf
galaxies will improve the quality of dim LG dwarfs as an estimator for the underlying struc-
ture distribution. The next generation of sky surveys are poised to discover and characterize
a collection of even dimmer dwarf galaxies, and it will be interesting see if the discrepancy
we observe holds up against additional data.
With the data accessible to us, we have identified a discrepancy between current observa-
tions and the isolated dwarf galaxies from the FIRE simulation, but we are fundamentally
interested in the correspondence between the Local Group dwarf galaxies and the ΛCDM-
sourced expectation. In particular hydro-intensive simulations do not currently have the res-
olution to simulate host-satellite systems and the galaxies we have used are isolated dwarfs.
However, we expect that tidal effects will only increase prolateness in galaxies. On the
observation side, it is increasingly unclear that the model of a single isothermal stellar pop-
ulation is a valid description of dwarf galaxies [34, 38, 68]. With consistent improvements in
our ability to model hydrodynamics and to observe and identify ever fainter astrophysical
objects, these two questions are converging.
However, it is useful to keep in mind that disagreements between these two samples cur-
rently could point to a failure of either the simulation or observation sample to represent its
underlying distribution (due to insufficient sampling, imprecise measurements, etc.), as well
as indications of baryonic or dark matter physics that has yet to be modeled.
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